Abstract. Radioactive O-phosphoryl-L-serine was detected after alkaline deacylation of rat and rooster liver [3H]seryl-tRNA acylated in vitro with homologooits synthetases. Ribonuclease treatment of this tRNA yielded a compound with the properties of phosphoseryl-adenosine. Benzoylated DEAEcellulose chromatography of seryl-tRNA yielded fo'ur distinct peaks, only one of which contained phosphoserine. A unique fraction for phosphoserine was also found on chromatography of nonacylated tRNA. In ribosome binding studies, this fraction responded very slightly with poly(U,C), but not with any of the known serine trinucleotide codons. Substantial incorporation of [3H]-serine into protein from this tRNA species was observed in an aminoacyl-tRNA dependent polysomal system derived from chick oviducts. No phosphoserine was found in Escherichia coli or yeast seryl-tRNA acylated with homologous enzymes, nor in E. coli seryl-tRNA acylated with liver synthetase. In the absence of tRNA, free phosphoserine was not formed in reaction mixtures, which suggests that phosphoseryl-tRNA arises by phosphorylation of the unique seryltRNA species. These results demonstrate a discrete tRNAser species in rat and rooster liver containing phosphoserine and suggest that this tRNA is involved in ribosomal polypeptide synthesis.
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There i4re several species of tRNA for most amino acids (so-called isoaccepting tRNAs). In a few instances, the amino acid on one of these isoaccepting species is modified for a specific cellular function. The most extensively studied example is -that of-the formylation of a discrete methionyl-tENA species to yield formylmethionyl-tRNA,2 which serves as an initiator of polypeptide synthesis. In addition, in certain bacteria, glutaminyl-tRNA is synthesized by the amidation of-a specific fraction of the tRNA species which accept glutamic acid.3'4 A unique isoaccepting rat liver glutaminyl-tRNA is specifically cyclized to pyrrolidone carboxylic acid-tRNA.5 During studies on estrogen-induced changes in rooster liver tRNA,6 a specific fraction of the ispaccepting tRNAs for serine was found which contained phosphoserine. This communication reports the isolation and characterization of this phosphoseryl-tRNA.
Materials and Methods. Preparation of tRNA, aminoacyl-tRNA synthetases, and aminoacyl-tRNA from rat and rooster liver was carried out as previously described.6 E. coli (strain W) and baker's yeast tRNA were obtained from General Biochemicals, [U-'H]L-serine' (specific activity 3.79 Ci/mmol) from New England Nuclear, GTP and O-phosphoryl-L-serine from Sigma, and RNase A, crystalline trypsin, and E. coli alkaline phosphatase from Worthington. Alkaline p)hosphatase was purified free from nuclease activity.7 [,y-32P]ATP was either obtained from International Chemical & Nuclear (specific activity >10 Ci/mm(i) or prepared according to Glynn and Chappell.8 Enzymes and substrates for this preparation were from Boehringer-Mannheim and 32p, was from New England Nuclear.
Benzoylated DEAE-cellulose (BD-cellulose) chromatography of tRNA: The details of this procedure are published elsewhere. 6 The amount of tRNA applied to the column (0.9 X 20 cm) was adjusted to 2 mg by adding unacylated homologous tRNA. Elution was performed at room temperature with a NaCl gradient (400 ml; 0.6 to 1.0 M NaCl containing 0.01 M MgC12 and 5 mM sodium acetate, pH 4.43), followed by a NaCl plus ethanol gradient (80 ml; 1.0 M NaCl to 1.5 M NaCl-14% ethanol containing 5 mM sodium acetate, pH 4.43). Fractions were prepared for liquid scintillation counting as previously described. 6 Ribosomal binding of seryl-tRNAs was measured according to Leder9 using E. coli K 12 ribosomes prepared by the method of Nirenberg.'0 Trinucleoside diphosphates were a gift from Dr. M. Nirenberg and poly(U,C) was from Miles Laboratories. Aminoacyl-tRNA dependent polysomal system: Polysomes and a partially purified preparation of aminoacyl transfer factor from chick liver were a gift from Dr. R. Palmiter. Polysomes were prepared by sucrose density gradient centrifugation of chick oviduct extracts from animals receiving estrogen." The transfer factor preparation was made according to Moldave,'2 omitting the gel filtration step.
Paper chromatography and electrophoresis: Descending chromatography on Whatman 3 MM paper was performed with solvents A (butanol-acetic acid-water. Results. Identification of phosphoserine and phosphoseryl-adenosine from seryl-tRNA: Paper electrophoresis at pH 3.5 of alkaline deacylation products of rat and rooster liver [3H]seryl-tRNA acylated in vitro with homologous enzymes showed, in addition to serine, another compound which was less cationic than serine. To determine whether the compound was derived from a specific tRNA er species, rooster liver [3H]seryl-tRNA was chromatographed on BDcellulose. Four distinct peaks were observed, three eluting during the NaCl gradient and the fourth after addition of the ethanol-NaCl gradient to the column (Fig. 1) . Alkaline deacylation and paper chromatography (solvent A) of peaks I, II, and III revealed radioactive serine exclusively. However, peak IV yielded, in addition to serine, a labeled compound migrating identically as O-phosphoryl-L-serine with solvent A (Fig. 2) . The compound also migrated as phosphoserine with solvents B and C, as well as upon paper electrophoresis at pH 1.9 and 3.5. Treatment of the material with alkaline phosphatase changed its electrophoretic mobility (pH 3.5) to that of serine. The compound was labeled with 32P, when prepared from seryl-tRNA acylated in the presence of [.y_32P ]ATP. Essentially identical results were obtained upon chromatography of rat liver seryl-tRNA.
To establish that the phosphoserine derived from peak IV was bound to tRNA in aminoacyl-ester linkage to the 3' terminal adenosine, doubly labeled peak IV was isolated by BD-cellulose chromatography of rooster liver while the other migrated-identically as the single cationic spot of 32P-radioactivity ( Fig. 3a) . Treatment with phosphatase at pH 5 of this doubly labeled material yielded a 3H-labeled compound migrating identically as seryl-adenosine ( Fig. 3c) , demonstrating the existence of phosphoseryl-adenosine and proving that peak IV contained phosphoseryl-tRNA. Although phosphoseryl-tRNA was found in approximately equivalent amounts in rat and rooster liver seryl-tRNA, no phosphoserine was detected in deacylation products of E. coli or yeast seryl-tRNA acylated in vitro with homologous synthetases, or in E. coli seryl-tRNA acylated with rooster liver enzyme. In the absence of tRNA, no free [3H]phosphoserine was detected by chromatography (solvents A and B) of liver acylation reaction mixtures containing [3H]serine.
Specificity of tRNAs`species for phosphoserine: Unacylated rooster liver tRNA was chromatographed on BD-cellulose to determine whether the tRNA that contains phosphoserine is a unique tRNA or whether it elutes in the ethanol fraction because of the esterified phosphate. Acylation of the eluted tRNA fractions revealed the four tRNAbr species (Fig. 4) . Deacylation of seryl-tRNAs prepared from the tRNA in peaks I, II, and III yielded only radioactive serine, while peak IV contained both [3Hlserine and [3H]phosphoserine (Fig. 5) , demonstrating that the acylated and phosphorylated tRNA-s species chromatographs in exactly the same way as the phosphoserine-containing tRNA.
Codon specificity of seryl-tRNA fractions: The acylated rooster liver tRNAser peaks (Fig. 4) substantial incorporation with peak IV (Table 3) . This incorporation showed characteristics identical with those of the unfractionated [3H]seryl-tRNA, indicating that the phosphoserine-containing tRNA fraction participates in polypeptide synthesis. Discussion. A new tRNA specific for phosphoserine has been found in rat and rooster liver. The mechanism of formation of phosphoseryl-tRNA remains to be clarified. It appears to arise by phosphorylation of a unique species of tRNAser, with the phosphate group derived from the a-phosphate of ATP. The specificity of the phosphorylation is quite high, since only one of four tRNAse`fractions formed phosphoseryl-tRNA. However, this fraction was incompletely phosphorylated under the acylation conditions used. It is probable that the entire fraction constitutes a tRNA for phosphoserine, but PROC that the optimal conditions (or possible cofactors) for the phosphorylation are unknown. The fraction containing phosphoserine does not appear to be heterogenous since it eluted as a single peak in an ethanol-NaCl gradient, regardless whether it was acylated (and partially phosphorylated) or nonacylated. Furthermore, no evidence for heterogeneity of the acylated, but incompletely phosphorylated, fraction was observed in ribosome binding or polysome incorporation experiments. Fig. 5 .
* Amount bound to ribosomes in the absence of trinucleotide. t Amount bound to ribosomes in response to trinucleotide or poly(U,C). The amount bound to ribosomes in the absence of trinucleotide or poly(U,C) has not been subtracted from these values. The significance of the failure of the phosphoserine-containing tRNA to bind to ribosomes in the presence of the known serine trinucleotide codons is unclear. Moreover, peak IV showed a consistently meager response to poly (U,C) (compare peak III binding), suggesting that it is not the UCU and UCO-specific aminoacyl-tRNAs, 0.8 mg of transfer factor preparation, and 0.665 pmol of unfractionated rooster liver [3H1 seryl-tRNA. Incubation for 20 min at 37OC was followed by an additional 5 min incubation in the presence of RNase A (15 ug). Where indicated, crystalline trypsin (1 mg) was added for 30 min at 370C. Two volumes of ice-cold 10% trichloroacetic acid were added, and after 30 min at 0C, the precipitates were collected on glass fiber filters. The precipitates were solubilized for counting by incubation of the filters with NCS-solubilizer (30 min at 370C). Counting efficiency was about 40% in a toluene based fluor.
tRNASer, although these codon-specific tRNASer species show weak ribosomal binding. '4 It is improbable that the phosphoserine-containing peak is a tRNA other than a tRNAser species, which is acylated with serine by the liver synthetase and then phosphorylated. Although the binding results may be misleading because of the use of heterologous ribosomes, it is noteworthy that a peak of guinea-pig liver seryl-tRNA having similar elution and binding characteristics as peak IV has been described by Caskey et al. '-5 The reproducibility and specificity of the formation of phosphoseryl-tRNA in vitro suggest its existence in vivo. Similar quantities of this fraction have also been observed in seryl-tRNA prepared from several ages of chick embryos. 16 The formation of phosphoseryl-tRNA exclusively in metazoan cell preparations implies that its function is unique to higher organisms. Phosphoserine and hydroxypyruvate are the immediate biosynthetic precursors of serine (from 3-phosphoglycerate) in both avian and mammalian liver.'7 The finding of a specific tRNAser for phosphoserine and the demonstration of hydroxypyruvate bound to tRNA in E. coli and M. xanthus preparations of seryl-tRNA18 raise the speculation that serine biosynthesis may occur on tRNA, as has been proposed for glutamine biosynthesis in certain bacteria.3 4 Phosphoseryl-tRNA may participate in group transfer reactions,19-22 or it may be involved in the synthesis of proteins containing phosphoserine, although the phosphorylation of proteins is thought to occur postribosomally. The induction by estradiol of the hepatic synthesis of phosvitin (a protein containing over 50% phosphoserine Reaction mixtures were prepared and incubated as in Table 2 . tRNASer fractions employed are described in Table 1. residues) in roosters correlates with specific increases in two of four seryl-tRNA species.6 However, the amount of the phosphoserine-containing peak remained constant and was identical in every case with lihe control. This work was supported in part by grants from the National Institutes of Health (GMX 15086 and HD 02147), the National Foundation-March of Dimes, and Sigrid Juselius Foundation, Helsinki.
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